Objective: The demand for rapid and broad clinical toxicology screening methods to identify drugs of abuse and medicinal drugs is increasing steadily. Liquid chromatography-tandem mass spectrometry (LC-TMS) is increasingly used to screen for drugs of abuse and to identify a wide range of drugs and metabolites in clinical samples. We revised a high-throughput and rapid ultra-performance (UP) LC-TMS method for simultaneous screening of 177 of the most prevalent medicinal drugs and drugs of abuse in urine and validated the quality of performance using system suitability mixture (SSM) and quality control (QC) materials. Methods: We assessed the limits of detection (LOD) using high concentrations of the test substances. The method was applied to 473 urine samples obtained from patients intoxicated with drugs who visited the emergency center. Results: The retention time, peak area, and total ion chromatogram of the SSM and QC materials were within the acceptance criteria of the pre-defined acceptance interval. The LODs were ＜62 ng/ml for 12 commonly encountered drugs. In total, 418 patients (88.4%) tested positive for one or more medicinal drugs or drugs of abuse. Twenty-eight drugs were detected over ten times; the most commonly detected were zolpidem, ephedrine, paracetamol, and chlorpheniramine. Conclusion: The UPLC-TMS method provided excellent performance for simultaneous screening of a large number of the drugs of abuse in urine samples. We conclude that this robust technique is useful for screening for a large number of drugs and for rapid screening of the most commonly encountered substances in emergency cases.
INTRODUCTION
The demand for rapid and broad clinical toxicology screening methods to identify drugs of abuse and medicinal drugs is steadily increasing. This is primarily related to an increasing number of therapeutic drugs and drugs of abuse as well as samples submitted for analysis. Screening for substances is performed using immunoassays, gas chromatography mass spectrometry (GC-MS), liquid chromatography or liquid chromatography mass spectrometry (LC-MS). [1] [2] [3] [4] [5] Immunoassays for screening drugs of abuse are rapid; however, these methods are calibrated at cut-off levels that are higher than the detection limit to ensure reliability. Therefore, these methods lack sensitivity and specificity, leading to false-negative results and false-positive screening results. 6) Automated high performance liquid chromatography system has been a useful complementary technique in the clinical toxicology laboratory. 7) Only GC-MS can detect a variety of drugs; however, this method involves a laborious and time-consuming chemical derivatization of nonvolatile and polar analytes. 8, 9) LC-MS/MS has been increasingly used in clinical toxicology to identify a wide range of drugs and metabolites in clinical samples. 10) The major advantages of the LC-MS/MS technique are ease of sample preparation, that no derivatization required, the short analysis time, and simultaneous screening of analytes with higher sensitivity and selectivity. 11, 12) In screening of drugs of abuse, LC-MS/MS has demonstrated sufficient validity to replace previous screening methodologies. 13) Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-TMS) has been used for screening of drugs of abuse and therapeutic drugs in urine, blood, and hair as sample matrices. Urine contains both the drug itself and its metabolites, and in many cases the detection window is longer in urine than in blood. There is an increasing need to broaden the range of drugs that can be screened for simultaneously using a limited sample. In this study, we revised a high-throughput, rapid and robust UPLC-TMS method that involves simple pretreatment for the simultaneous screening of a large number of drugs of abuse in urine. A total of 177 of the most prevalent medicinal drugs and drugs of abuse was included, and the method was successfully applied to 473 urine samples obtained from patients intoxicated with drugs who visited the emergency center.
METHODS

Materials and Reagents
Urine samples (stored at 4 o C until tested) were collected from patients intoxicated with drugs who visited the emergency center in Soonchunhyang University Bucheon Hospital (Bucheon, Korea) between July 2011 and June 2013. All samples were anonymized and subjected to UPLC-TMS analysis within 3 days of collection. All solvents were LC-MS grade. Methanol and acetonitrile were obtained from Duksan (Ansan, Korea) and formic acid and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). The system suitability mixture (SSM; Sigma-Aldrich) including reserpine, doxepine, doxylamine, colchicine, caffeine, and imipramine was prepared for validation of quality.
SSM was reconstituted to 1μg/ml of six compounds in 5 mM ammonium formate (pH 3.0). A 150-μl aliquot of urine was transferred to an individual 1.5-ml tube. Then, 150μl of acetonitrile were added to precipitate the protein. The mixture was mixed using a vortex mixer for 1 min until the sample was thoroughly dissolved and centrifuged at 13,000 rpm for 5 min. The supernatant was diluted fivefold using 400μl of LC-MS grade water. Sample aliquots were injected into the UPLC-TMS for analysis.
UPLC-TMS
UPLC was performed on a Waters Acquity Ⓡ UPLC system (Waters Corp., Milford, MA, USA). The autosampler injected 10μl of extract into an Acquity Ⓡ UPLC HSS C18 column (2.1×150 mm, 1.8μm) maintained at 50 o C in a column oven. LC separation of the drugs was performed using a gradient profile of mobile phase A and B solutions, consisting of 5 mM ammonium formate (pH 3.0) and acetonitrile with 0.1% formic acid (v/v), respectively. The flow rate was 400μl/min and running time was 15 min. The gradient program was 13% B increased to 95% B at 400μl/min for 15 min. The total instrumental analysis time was 17 min, including column re-equilibration.
TMS was used to detect 177 drugs with a Waters Acquity Ⓡ TQ-Detector (Table 1) . At unit mass resolution, the mass analyzer had the following settings: cone voltage, 25-55 V; collision energy, 10-50 eV; source and desolvation temperatures, 150 and 400°C, respectively; and desolvation gas flow, 800 L/h. The analysis was performed in single multiple reaction monitoring (MRM) mode for each compound and was electrospray ionization positive using the transactions: mass to charge ratio (m/z) (MRMs available upon request). Detection was performed using TargetLynx Manager in the Waters MassLynx 4.1 software (Waters Corp., Milford, MA, USA). A single MRM transition (two daughter ions) for each compound in addition to its expected retention time was obtained in the preconfigured TargetLynx method (available upon request). After processing, a list of compounds with peak areas above a pre-defined threshold was reviewed.
Method Validation
Quality control
The quality of the performance using 1μg/ml SSM was assessed using the following acceptance criteria: a pre-defined retention time acceptance interval of within 0.2 min, peak area of ＞200 and total ion chromatogram of ＞1.0×10
4 for six compounds in each batch. Additionally, quality control (QC) using two levels (negative and positive) of commercially available QC materials (Liquichek TM Qualitative Urine Toxicology Control; Bio-Rad, Hercules, CA, USA) was analyzed in each run; the QC material contains 12 commonly encountered substances.
Limits of detection (LOD)
LOD was evaluated using the positive control material, which comprised commercially available drug of abuse QC materials. LOD was determined by twofold serial dilution of the Liquichek TM material with the following minimum criteria: a pre-defined retention time acceptance interval of within 0.2 min, peak area of ＞100 and total ion chromatogram of ＞1.0×10 3 for each analyte. The LOD was defined as the lowest concentration that corresponded to the minimum criteria. Pseudoephedrine  147  Quetiapine  148  Quinidine  149  Rantitidine  150  Reserpine  151  Rispéridone  152  Salbutamol  153  Scopolamine  154  Sertraline  155  Sotalol  156  Strychnine  157  Sulindac  158  Sulpiride  159  Temazepam  160  Tetracaine  161  Tetrazepam  162  Theophylline  163  Thioridazine  164  Tianeptine  165  Tiapride  166  Tofisopam  167  Topiramate  168  Tramadol  169  Trazadone  170  Triazolam  171  Trifluoperazine  172  Trimipramine  173  Tripolidine  174  Venlafaxine  175  Verapamil  176  Zolpidem  177 Zopiclone EDDP, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; LSD, lysergic acid diethylamide; MBDB, N-methyl-1,3-benzodioxolylbutanamine; MDA, 3,4-methylenedioxyamphetamine; MDEA, 3,4-methylenedioxy-N-ethylamphetamine; MDMA, 3,4-methylenedioxy-N-methylamphetamine.
Fig. 1.
Chromatograms of the system suitability mixture, which included caffeine, doxylamine, colchicine, doxepine, imipramine, and reserpine, as generated by ultra-performance liquid chromatography-tandem mass spectrometry. ES+, electrospray ionization positive mode.
Distribution of drugs detected in 473 drug-intoxicated patients
Drug intoxication screening using the UPLC-TMS method was performed in 473 patients who were suspected of drug intoxication and who visited the emergency center from July 2011 to June 2013. The number of patients with a confirmed diagnosis of drug intoxication and the characteristics of the drugs detected were investigated. The study was approved by the institutional review board of Soonchunhyang University Bucheon Hospital (IRB 2013-10-030).
RESULTS
SSM and Screened Drug UPLC-TMS Chromatograms
Six isolated peaks were separated chromatographically. Excellent peak shapes were observed for SSM, including caffeine, doxylamine, colchicine, doxepine, imipramine, and reserpine (Fig. 1) . The retention times were 2.13, 4.03, 6.00, 7.14, 8.19, and 9.03 min, respectively.
The single MRM transition for each compound in addition to its expected retention time was provided in the preconfigured method for screening purposes. After processing, a list of compounds with peak areas above a pre-defined threshold was viewed (Fig. 2) .
UPLC-TMS Performance Validation
The retention time, peak area, and total ion chromatogram of the SSM were within the acceptance criteria of the pre-defined acceptance interval. Additionally, the reproducibility tests using negative and positive QC materials showed results consistent with the target values for all analytes.
The LODs determined were ＜62 ng/ml for 12 commonly encountered drugs from the QC material. The LODs of MDMA (3,4-methylenedioxy-N-methylamphe- tamine), methadone and propoxyphene were ＜6, 6, and 6 ng/ml, respectively (Table 2 ). In total, 473 urine samples from the emergency center were analyzed by UPLC-TMS. A total of 418 patients (88.4%) tested positive for one or more medicinal drugs or drugs of abuse. Twenty-eight drugs were detected at least ten times; the drugs detected most commonly were zolpidem (hypnotics, 21.4%), ephedrine (sympathomimetic amine, 18.6%), paracetamol (analgesics, 18.2%) and chlorpheniramine (antihistamine, 16.7%) ( Table 3) .
DISCUSSION
It is clear that clinical laboratories are moving more towards MS-based technology for broad screening of abused drugs and other toxicants. In this study, we established a revised high-throughput UPLC-TMS method for simultaneous screening of drugs most often identified and other toxicants in urine samples detected at the emergency center. This method was validated and was selective, rapid, and robust and showed no compromise of the separation of otherwise interfering peaks.
This method was based on data acquisition associated with targeted MRM screening.
14) The MRM method can be compromised either by the number of analytes that can be simultaneously screened, or by the analysis time. However, the acquisition method in this study was arranged into 30 time windows over the chromatographic elution range and could evaluate large panels of analytes within a short time, resulting in improved data efficiency and a number of data points sufficient for peak characterization. The overall cycle time for comprehensive screening was reduced significantly, greatly increasing throughput. The SSM was used to verify that the method was performing as expected prior to acquiring sample data. The data were obtained by injecting a SSM containing a combination of substances that eluted across the entire chromatographic run.
The LODs showed that each analyte could be measured with acceptable accuracy. The methods had high sensitivity for screening low concentrations of drugs (6 ng/ml) in urine. The majority of immunochromatographic methods shows much higher cut-off values of 300-1,000 ng/ml. Therefore, UPLC-TMS is highly recommended for detection of low concentrations of drugs in urine.
Additionally, the reproducibility tests using negative and positive QC materials showed results consistent with the target values for all analytes; moreover, these data were in agreement with those reported by the manufacturers.
A total of 473 clinical urine samples from the emergency center were analyzed using UPLC-TMS. Most of the drug intoxicated patients intended to manage uncontrollable pain or commit suicide; therefore, they were admitted to the emergency center with loss of consciousness. A rapid screening of a broad range of drugs is commonly used as the initial work-up to identify the reason for the loss of consciousness. In this study, 418 patients (88.4%) tested positive for one or more medicinal drugs or drugs of abuse. Twenty-eight drugs were detected at least 10 times; the drugs detected most commonly were zolpidem, ephedrine, paracetamol, and chlorpheniramine. As seen in other studies, nicotine, caffeine, and lidocaine were commonly encountered during screening for drugs of abuse. Interestingly, theophylline was detected frequently, likely due to it being metabolized by the liver from caffeine.
The major limitation of this method is that the method do not use internal standard and just use the peak area of drug only (not drug and internal standard ratio). Even though the method is qualitative (semi-quantitative) method, sensitivity of mass spectrometry is very vulnerable to matrix effect and the instrument condition. This may cause the errors in the analysis. And the validation of the study was just limited to only 6 drugs for UPLC condition (peak shape and retention time) and only 12 drugs of LOD validation. Therefore most of other drugs (among 177 drugs) were not validated in the study.
Here, the revised and rapid UPLC-TMS method showed excellent performance for the simultaneous screen-ing of drugs of abuse in urine samples. Sample preparation was simple and the ability to simultaneously detect a large number of the drugs encountered most commonly significantly enables high throughput, and shortens runtimes. We concluded that this method is a highly specific, reliable and robust technique to screen for a large number of drugs simultaneously and is thus preferred for rapid screening of the substances commonly encountered in emergency cases.
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